The introduction of insulin in the 1920 s revolutionized the treatment of diabetes mellitus. However, pancreatic insulin did not evolve for exogenous administration, and subcutaneous injection therapy has not succeeded in normalizing glycaemic control despite the great efforts devoted to improvements in insulin preparations and injection regimens. The increasing awareness and acceptance of the relationship between metabolic control and the occurrence of devastating microvascular complications have stimulated considerable research into new methods of improving insulin therapy.
The introduction of insulin in the 1920 s revolutionized the treatment of diabetes mellitus. However, pancreatic insulin did not evolve for exogenous administration, and subcutaneous injection therapy has not succeeded in normalizing glycaemic control despite the great efforts devoted to improvements in insulin preparations and injection regimens. The increasing awareness and acceptance of the relationship between metabolic control and the occurrence of devastating microvascular complications have stimulated considerable research into new methods of improving insulin therapy.
In the field of pharmaceutical formulation important improvements have emerged. However, the pharmacokinetics following subcutaneous injection of the currently available rapid-, intermediate-and long-acting insulin preparations make it virtually impossible to achieve normoglycaemia. The absorption of insulin from the injection site is a complex process affected by many factors, such as location of the site, physical state of the patient and the nature of the insulin preparation. After subcutaneous injection of regular insulin into the femoral region it takes 2-4 h for the insulin to be absorbed at maximum rate. This slow rise to peak insulin concentration is likely to account for much of the observed postprandial hyperglycaemia seen in diabetic subjects. As the insulin concentration falls slowly after the peak, the extended period of elevated insulin concentration results in a tendency towards late hypoglycaemia. Such plasma insulin patterns bear no resemblance to those in normal subjects in response to a meal. After subcutaneous injection of soluble insulin an initial phase (lag phase) with low but increasing relative rate of absorption has been observed in most clinical studies. This initial delay in absorption is shortened or even disappears when reducing the concentration of insulin or decreasing the volume injected [1] .
Until recently advances in insulin formulation were limited to improvements in insulin purity, insulin Summary Many of the structural properties of insulin have evolved in response to the requirements of biosynthesis, processing, transport and storage in the pancreatic beta cells, properties that are not necessary for the biological action of the hormone. It is therefore not surprising that wild-type insulin has far from optimal characteristics for replacement therapy. For example, native human insulin self-associates to hexameric units, which limits the possibilities for the absorption of the molecule by various routes. During the last decade new techniques of molecular design have emerged and recombinant DNA technology offers new and exciting opportunities for rational protein drug design. This review describes examples of recent advances in insulin engineering aimed at optimizing the hormone for therapy. Such approaches focus on improvements in the pharmacokinetic properties, storage stability, and feasibility for less intrusive routes of administration [Diabetologia (1997) species, and adjustment of the composition of the preparation with respect to retarding agent and other excipients. Advances in genetics and molecular biology have now provided convenient methods for introducing changes into a native protein. Thus, recombinant DNA technology has made it possible to 'engineer' modifications into the amino acid sequence of insulin enabling production of insulin analogues with the intention to investigate the role of the individual amino acid in the molecular assembly, biological activity and therapeutic properties. Three examples of potential advances achievable by 'insulin engineering', relating to improved pharmacokinetics, storage stability and efficacy for non-invasive administration, are reviewed here.
Fast-acting, monomeric insulins
Native human insulin associates above physiologic concentrations into dimers and hexamers, an inherent property which limits the possibilities for the absorption of the molecule by various routes [2] . Hexamerization of the insulin molecule facilitates biosynthesis and pancreatic intracellular storage of insulin, but is unnecessary for interaction of insulin as a monomer with its receptor. Therefore, experiments to create insulins with reduced self-association were undertaken [3, 4] . A rational approach to insulin engineering requires detailed knowledge about the conformation of the molecule and its modes of interaction at the atomic level within and between subunits. Using computer-aided molecular modelling and recombinant DNA technology a series of human insulin analogues with reduced tendency to self-association has been developed. The original principles for the selective replacement of amino acid residues have been to influence charge effects and hydrophobic interactions, or to introduce steric hindrance at the interfaces between associating subunits in the insulin hexamer [4] .
The main strategy followed was to introduce charge repulsion into the interfaces, and negative charges (amino acids with carboxylic acids in the side chain) have been used in most cases. Side chain carboxyl groups (Asp or Glu residues) in some cases already exist adjacent to the interface and have been chosen as opponents to an inserted negative charge in the opposite unit. One example is the Asp B28 analogue in which substitution of Pro with the charged aspartic acid creates repulsion from the glutamic acid in position B28 in the adjacent monomer in the dimer. More recently, manipulation of the structure of the B-chain, aiming at decreasing its potential for b -sheet interactions of the peptide backbone between insulin monomers, has resulted in insulins with decreased tendency to self-association. Examples of such analogues are the LysPro insulin [5] in which the sequence of the B28 and B29 residues are reversed, and analogues characterized by deletion of one of the amino acid residues in the B25 to B28 sequence [6] .
The Asp B28 insulin analogue, now selected for major clinical trials, is able to crystallize as a hexamer in the presence of zinc and calcium ions that together cancel the repulsive effect of the Asp mutation. Analyses by X-ray crystallography have revealed that the structure of the analogue is essentially identical to that of the native human insulin (G. Dodson, personal communication).
Following the demonstration in pigs [7] , that the rate of subcutaneous absorption is inversely correlated to the degree of insulin self-association, a number of clinical studies of insulin analogues intended for meal-related therapy were performed in normal subjects. Subcutaneous administration of less associated insulins leads to more rapid rises in plasma insulin concentrations and resulting hypoglycaemic responses when compared with human insulin in the same formulation [8] [9] [10] [11] [12] [13] . Thus, monomeric insulins were absorbed three times faster than human insulin, had no lag phase and followed a monoexponential course throughout the absorption process. In contrast, three phases in rate of absorption were identified for the normal hexameric human insulin [7, 10] (Fig. 1) .
These studies confirmed a major influence of the insulin association state on the rate of absorption of subcutaneously injected soluble insulin. This factor seems to be the main determinant of the influence of insulin species and concentration, injected volume and, at least partly, the effects of increased temperature (more dissociated insulin) and of massage (faster , Glu B27 (U) in normal subjects (n = 7). Residual radioactivity at the injection site was measured by external counting after s. c. administration of dispersion and dilution of the insulin depot). The initial delay in reaching maximal absorption rate (lag phase), i. e. the time until the absorption follows first order kinetics, can now also be fully or mainly explained by the time necessary for sufficient dilution and subsequent dissociation of hexameric insulin into smaller units. Because of the very low concentration required for further dissociation into monomers the fraction of soluble native insulin absorbed in monomeric form is small. In contrast, the monomeric insulin analogues follow a monoexponential disappearance course right from the time of injection and the slope of the disappearance curve, i. e. rate of disappearance, is much steeper than that of the initial part of the disappearance curve for human insulin. Thus, the availability of the monomeric insulins has contributed significantly to our understanding of the processes involved in subcutaneous insulin absorption [7, 10] .
Using a mathematical model [2] adapted to monomeric insulin it has been shown that the absorption rate of monomeric insulin, in contrast to that of human insulin, is not expected to be dependent on insulin concentration, injected volume or depth of injection [14] . In accordance with this model, clinical data [8] show an unchanged absorption profile of monomeric insulin with a doubling of dose (volume). Also, the accelerating effect of massage, exercise and temperature on the rate of absorption of regular insulin is presumably reduced with monomeric insulins as compared to human insulin, suggesting that the use of monomeric insulin may contribute to less day-to-day variation in absorption. With respect to the influence of temperature these expectations have been confirmed in sauna studies [15] . Studies in insulin-dependent diabetic patients have demonstrated the beneficial pharmacokinetics and significant therapeutic value of monomeric insulin analogues [7, [16] [17] [18] [19] . They yield a degree of glycaemic control, when injected just before a meal, at least comparable to that of human insulin administered 30 min before the meal [7, 17] . Administration of insulin analogue Asp B28 resulted in a substantial reduction in the postprandial glucose excursion compared with that of human insulin injected 30 min earlier (Fig. 2) . Relative to regular human insulin (100 ± 17 %) the plasma glucose area under the curve for the analogue was 51 ± 16 % (p < 0.02) [17] . Because of the more rapid decline in serum hormone concentrations one might also expect the risk of late hypoglycaemia to be reduced with the monomeric analogues.
Insulins with improved chemical stability
Insulin is not a stable chemical entity and a variety of chemical changes of the primary structure (yielding insulin derivatives) affect insulin and insulin preparations during handling, storage and use (Fig. 3) . Insulin decomposition is mainly due to two categories of chemical reactions: hydrolysis and intermolecular transformation leading to covalent insulin dimers. The predominant hydrolysis reaction in neutral preparations is deamidation of the Asn B3 residue [21] , and the covalent dimers are mainly formed via intermolecular aminolysis between an N-terminal amine in insulin and an amide side chain in the insulin A-chain of another molecule [22] . The transformations occur independent of species of insulin, and of strength of the preparation (Fig. 3) .
Deamidation causes transformation of larger amounts of insulin than the dimerization reactions (Fig. 4) . On the other hand, the molecular changes induced by deamidation are relatively small and the deamidation products have essentially the same in vivo biological potency and immunological properties as the intact molecule [23] . In contrast, the dimerization products have reduced biological potency, and some of the immunological side effects associated with insulin therapy have been asserted to be due to the presence of such covalent aggregates of insulin in the therapeutic preparations [24] [25] [26] .
Knowledge of the potential residues undergoing chemical changes during storage [27] has allowed the design of insulin analogues with improved properties with respect to chemical stability. Thus, by substituting Asn B3 by Gln, and Asn A21 by Ala or Gly, the resulting insulin analogue showed 30 times less deamidation and 10 times reduced formation of covalent insulin dimers [28] (Table 1 ). The advantages of such preparations are improved shelf-life and more convenient storage temperatures. Whether reduced covalent dimerization leads to less immunological side effects remains to be seen.
Insulins for transdermal delivery by iontophoresis
The potential of using the skin as a drug delivery route has been recognized for several decades, but the skin is an efficient barrier to the penetration of ionic and hydrophilic substances and large molecules. However, if an appropriate electrical potential is applied across the skin, the electric current can carry ionized drug molecules across the barrier, probably through discrete pores like the sweat glands and hair-follicles [29] . This technique, iontophoresis, which has been known for about a century, is presently receiving considerable attention from both academia and industry because of the wish for a non-invasive and non-parenteral administration form for new peptide drugs. The delivery rate is dependent on current density, electrode area and drug concentration and can be controlled by adjusting the current [30] . Data obtained from [28] Transdermal iontophoretic transport of normal, hexameric insulin through rodent skin in vitro has been reported to be very low [31] and far from clinically relevant. Several in vivo experiments with transdermal, iontophoretic delivery into diabetic pigs, rabbits and hairless rats have been reported [32] [33] [34] [35] [36] [37] [38] using variable current densities, formulation and polarity. Stephen et al. [32] could not detect any effect after cathodal iontophoresis of porcine (hexameric) insulin, whereas with a monomeric, highly ionized sulphated insulin therapeutic plasma hormone levels were obtained in a single diabetic pig. Systemic insulin delivery to rats has been studied by Chien and coworkers [34] [35] [36] . Based on the reduction in blood glucose, enhanced iontophoretic transport was reported of positively charged, and less aggregated insulin at pH 3.6 as compared to negatively charged, hexameric insulin at neutral pH. Therapeutic serum insulin levels were observed in studies of iontophoretic delivery to diabetic rabbits [37] . However, the rate of systemic delivery of the hexameric insulin was approximately 10 times less than that required for basal rate delivery to an average weight human.
In contrast, recent preliminary in vitro investigations using hairless mouse skin have indicated that specific monomeric insulin analogues may be transdermally transported by iontophoresis with rates sufficient to cover the basal need for a typical diabetic patient (Fig. 5) . It was also observed that an increase in net charge (substitution with aspartate or glutamate residues) resulted in enhanced insulin delivery. To obtain clinically relevant doses it was necessary to wipe the skin gently with absolute ethanol prior to iontophoresis, a procedure expected to solubilize and remove some of the lipids (sebum) blocking the hair-follicles. In these experiments it was found that monomeric insulins with at least two additional negative charges (substitution of at least two amino acid residues by Glu or Asp) were delivered more than 100 times more efficiently across hairless mouse skin than hexameric, human insulin [38] . Thus, the novel insulins with reduced tendency to association have the added potential of improving also the absorption by alternative routes of administration.
Conclusions
Recent advances in redesigning of the insulin molecule have opened up new possibilities for better replacement therapy. The therapeutic need to improve the hormone's pharmacokinetic properties, storage stability and suitability for less intrusive routes of administration is increasingly being addressed through the development of insulin analogues by protein engineering. 
